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Abstract

The objective of this study is targeted toward improving the quality of pure
tungsten oxide (WO3) for application to the detection of poisoning gases, especially of
H2S. While pure WO3 is a recognized candidate for gas sensing, its characteristics are
strongly dependent on the conditions and methods used in its deposition.
Samples of WO3 thin films analyzed in this work were grown on silicon and
sapphire substrates using RF magnetron sputtering at a number of different substrate
temperatures and Ar:O2 pressure ratios.

The properties of the samples were

investigated spectroscopically with the goal of determining how variations in the above
preparation parameters effect structural changes in the sensor materials.

Such

structural changes are of crucial importance to the question of improving the sensitivity,
specificity, and durability of WO3 based gas sensors. Experimental characterization
was performed using the techniques of infrared (IR) absorption, confocal Raman, and
Xray photoelectron spectroscopy (XPS).

The results from both IR and Raman

demonstrate that the WO3 sample grown at room temperature has an amorphous
nature, and that an initial crystallization into a monoclinic WO 3 structure occurs for
samples grown at temperatures between 100 and 300 oC. For 400 and 500 oC, the
existence of a strained WO3 structure together with the monoclinic one is observed in
the Raman spectra. XPS indicates that the film surface maintains the stoichiometry

vii

WOx, with a value of x slightly greater than 3 at room temperature due to oxygen
contamination; x decreases with increasing temperature.
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Chapter 1

1 Introduction

1.1 Research Motivation and Background

Tungsten(VI) oxide (WO3), also known as tungstic anhydride, tungsten trioxide,
or simply tungsten oxide, has been the object of extensive research for its structural,
electrical and optical properties. These particular properties make WO3 a material with
several applications, including electrochromic devices such as smart windows, high
contrast systems, variable reflectance mirrors and variable emittance surfaces

[1]

, and

environmental applications.
One of its most widely used applications is in gas sensing devices, especially in
WO3 thin film form, due to the complex properties exhibited by this metal oxide in a
confinement regime.

Either pure or doped, tungsten oxide has been proved to be an

efficient material for detection of several substances such as H 2, H2S, NOx, NH3, ozone,
and ethanol [2] [3] [4][5].
This is the first part of a series of spectroscopic studies of diverse WO 3 thin film
samples. In this part we performed Fourier transform infrared absorption spectroscopy
(FTIR), Raman spectroscopy (RS) supported by confocal Raman mapping (CRM), and
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Xray photoelectron spectroscopy (XPS) to characterize the WO 3 samples. We focused
on areas that have been poorly covered or not covered at all in previous works.
The results obtained in this study will be used in conjunction with results from
future analyses to achieve the final objective. The final objective of the whole series of
studies is to determine the most appropriate growing techniques to obtain the best WO3
thin films for use as the basis of H2S sensors; focusing on the stability, sensitivity,
selectivity, response and recovery times of the sensors.
Besides WO3 several other materials have been used as the sensing elements of
gas sensors including SnO2, TiO2, ZnO and In2O3.

However, WO3 has excellent

electrical conductivity, sensitivity, selectivity and stability as will be discussed in more
detail below.
Since most of the results of work on WO3 as a gas sensing element are
correlated with its electrical properties, a brief overview of current achievements is
presented in what follows.
Tungsten oxide is an ntype semiconductor and its normal behavior is
characterized by a decrease in its resistivity when it is in contact with a reducing gas, as
is the case of H2S [6]. Stankova et al.

[6]

found that this phenomenon repeated itself for

pure and doped WO3. The doping materials they used were Pt, Au, Ag, Ti, SnO 2, ZnO
and iridium tin oxide (ITO). The only exception was for Tidoped WO3; in this case they
found that the resistivity of the material increased when exposed to H 2S, but the
2

response was always ntype in the presence of any of the other reducing or oxidizing
gases tested. They attributed this behavior to the fact that Ti oxidizes into TiO/TiO2,
which in turn interacts and adsorbs H2S, as observed by Yanxin et al. [7]. This change in
the resistivity of WO3 when exposed to different gases is the practical basis for its gas
sensing properties.
Xu et al.

[8]

showed how RF sputtergrown WO3 films of different thicknesses,

intrinsic and Audoped, changed their conductivity as a function of temperature and H2S
exposure. They observed a hysteresis curve of the conductivity versus temperature; as
the temperature was raised the conductivity increased, but around 315 0C it suddenly
dropped, then followed a slope similar to the one before but in a lower conductivity
range. This was attributed to an irreversible amorphous to polycrystalline transition. It
was also noted that below 200 °C the conductivity of the Audoped film exposed to H2S
was larger than that of the nonexposed film.
The change in conductivity observed in WO3 when exposed to H2S gas was
explained by the fact that H2S reduces WO3, removing oxygen from the surface and
generating W5+ centers.

The additional electron associated with the W 5+ centers

contributes to the increase in conductivity [6].
Smith et al.

[9]

contributed more research, focusing on the stability, sensitivity and

selectivity (for H2S) of WO3 based gas sensors.

In that study the Audoped WO3

samples were prepared using RF and DC sputter deposition. They used a YZcut
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lithium niobate substrate beneath a 500 Å thin film.

Both asdeposited films and

activated films were used.
The activation process consisted of annealing the films at 250 °C for 30 minutes
and then raising the temperature to 400 °C for 60 minutes. When trying to activate the
samples a second time they noticed that activation happens only once, and it is
irreversible. They explain that what activation does is that it increases the surface area
accessible for gasfilm interactions, thus increasing sensitivity and decreasing response
times. The analysis for sample stability was carried out by measuring the electrical
conductivity as a function of time for different temperatures.
The result was that the asdeposited or inactivated samples showed a steady
decrease in conductivity with time, and the decay rate was more pronounced at higher
temperatures. Meanwhile, the activated samples displayed a constant conductivity at
all temperatures. The electrical properties were measured with a four point probe (Hall
effect), and the carrier type was determined to be ntype. They observed that the
conductivity and carrier concentration increased with temperature, and the carrier
mobility decreased.

Regarding the sensitivity of the films to H2S it was found that

activated films had a greater increase in conductivity than the asdeposited films when
exposed to 1 ppm, 5 ppm and 10 ppm H2S concentrations in air. It was also found that
the sensitivity showed a peak at around 200 °C.
sensitivity for H2S concentrations as low as 0.5 ppb.

4

Also the activated film showed

To determine the selectivity of the samples, the films were exposed to the
following gases: NO2, CO, CO2, SO2, CH4, H2, and NH3; the measurements were made
at 200 °C and 20% humidity, the gas concentration was set at 1,000 ppm.
The result was that the films were not sensitive to those gases individually,
except for H2. When the films were exposed to equal concentrations of H2S and H2 (500
ppm), it was found that the sensitivity for H2 was an order of magnitude lower than that
for H2S; also the sensitivity for H2 was determined to peak between 225 and 250 °C.
That temperature is higher than the peak for H2S, so the films (activated) showed a high
selectivity for H2S, making Audoped WO3 thin films a very efficient sensing element for
H2S sensors.
In a detailed analysis of the influence of the effective surface area on the gas
sensing properties of WO3, Shen et al.

[10]

suggest that because the detected gas

molecules react with surface adsorbed species of the oxide semiconductor gas sensor,
then the enhancement of the surface coverage by these species becomes a key factor
for increasing the sensitivity, and this can be achieved by increasing the surface area of
the sensor. They compared the reactions of the gas sensors to NO2 and H2 for different
effective surface areas. To obtain the variety of surface areas, they deposited the films
at different discharge gas pressures at room temperature. They found that effective
surface area and pore volume increased as the discharge gas pressure was increased.
The result was that for both gases the sensitivity of the sensor increased linearly as the
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effective surface area became larger. They attribute this effect to the fact that as the
surface area increases, and also as the structure becomes porous, the amount of
surface active sites for the oxygen adsorption and reaction with detected gas molecules
becomes greater and the sites become more available, thus increasing the sensitivity of
the sensor, because of the larger changes in its electrical conductivity.

The films

showed their highest sensitivity points at 200 °C for NO2 and at 300 °C for H2.
In different experiments, it was also proven that by changing the sputtering gas,
using different concentrations of oxygen, and keeping pressure, substrate temperature
and sputtering power constant, different structural and optical properties are obtained
for the WO3 films [11].
In this study we will focus on spectroscopic and microscopic investigations of the
temperature dependent transformation of WO3 thin films grown by RF sputtering.
Information gained from this analysis will provide useful insights for sample preparation
enhancement that will promote the desired selectivity, sensitivity and stability of these
types of sensors.

1.2 Structural and spectroscopic properties of WO3

In prior analyses of the structural properties of WO3 it was found that the crystal
structure of the pure compound is highly temperature dependent; it shows a triclinic

6

structure from 25 to 2030 °C, then between 2030 and 330 °C becomes monoclinic;
it then becomes orthorhombic from 330 to 740 °C, and tetragonal from 740 to 1473 °C
(melting temperature) [12].
Ramana et al.

[13]

prepared WO3 thin films using pulsed laser deposition (PLD)

and reported that the films deposited at a substrate temperature below 300 °C were
amorphous, and crystalline at a substrate temperature of 300 °C.

In their Raman

experiments they identified two groups of peaks, one in the low frequency range and
one in the high frequency range.

They observed the two main peaks in the low

frequency range at 272 and 326 cm1 and identified them as the bending vibration δ (W6+
– O). Another peak at 303 cm1 related to the deformation mode of the W6+ – O bond.
The peaks in the high frequency region observed at 715 and 806 cm 1 were identified as
the stretching vibration ν (W6+ – O). In their AFM results they report the existence of
small grains with diameters between 50 and 60 nm.
In an additional Raman study, Cazzanelli et al.

[12]

report that the low symmetry

crystal structures of WO3 show many vibrational bands; this is because of the high
number of atoms per unit cell and the removal of any degeneracy of the modes. Two
vibrational modes of the monoclinic phase are at 34 and 60 cm 1, which collapse into
one of the orthorhombic phase around 40 cm1 at about 300 °C. This corresponds to
the reported monoclinicorthorhombic transition point.
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This also corresponds to the

temperature range where the activation process discussed above takes place,
suggesting that the activation consists of the structural phase change of the compound.
According to Baserga et al.

[14]

three frequency regions can be distinguished in

the spectra of all WO3 crystalline phases. The first region is located at the very low
frequencies, below 200 cm1, where several peaks associated with the lattice modes
appear. They explain that this relates to the relative translational or rotational motions
of the WO6 octahedra units in the same unit cell. The second region is at the middle
frequencies. This is between 200 and 400 cm1; here the O — W — O bending mode
features are displayed. The third region is situated at the higher frequencies, from 600
to 900 cm1, where the peaks are related to the W — O stretching modes.
Pecquenard et al.

[15]

analyzed Tistabilized WO3∙⅓ H2O samples in crystalline

powder form, which were then thermally treated to induce dehydration. This process of
heating the samples at different temperatures resulted in several structural changes
(see Table 1).
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Table 1: Structures of WO3 found by Pecquenard et al. [15] upon heating of WO3 ∙ ⅓ H2O powder
samples.

Temperature

Structure / form

60 °C

WO3∙⅓ H2O

470 °C

hWO3

700 °C

oWO3

1000 °C

mWO3

An interesting fact was that they did not observe an amorphous phase during the
thermal treatment after dehydration. They argue that in dehydrating WO3 ∙ H2O2 ∙ nH2O
samples without using Ti, an amorphous oxide is obtained and then an exothermic
crystallization is seen at 390 °C which leads to a stable monoclinic phase of tungsten
oxide. This was not the case in the thermal treatment of WO 3 – TiO2 hydrated phases,
as discussed before.
The new metastable phase they found above 500 °C was orthorhombic. They
calculated the lattice parameters of this phase via powder Xray diffraction which
resulted in a = 7.39 Å, b = 7.51 Å, and c = 3.83 Å.

9

They alleged four observations from their experiments.

First, the number of

peaks increased as the symmetry of the structure decreased. Second, monoclinic and
orthorhombic phases of WO3 displayed narrower lines and the W = O vibration near 950
cm1, present in the WO3∙⅓ H2O samples, disappeared. Third, the O – W – O stretching
mode in the high frequency range around 806 cm 1 was present in all the samples, i.e.,
the monoclinic (mWO3), orthorhombic (oWO3) and hexagonal (hWO3) phases of WO3
and the

WO3∙⅓ H2O samples.

Fourth, the bands can be classified into three

categories: one in the lowwavenumber region where the external motions of one [WO6]
unit occur, another category in the midfrequency region where the W – O bending
vibrations manifest; and the last group in the highwavenumber region where the
stretching vibrations appear.
As mentioned earlier, tungsten oxide shows different structural phases that
depend on the growing and/or annealing temperature.
In 1960, Tanisaki

[16]

characterized the monoclinic structure phase of WO 3, the

crystal unit cell lattice parameters were a = 7.30 Å, b = 7.53 Å, and c = 7.68 Å, with β =
90°54'. The space group was found to be P21/n. The atomic coordinates he obtained
by trial and error are listed in Table 2. The coordinates are shown in fractions of the cell
edges.
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Table 2: Atomic coordinates in fractions of the cell edges for the monoclinic phase of WO3.

Coordinates
x

y

z

W1

0.252

0.026

0.285

W2

0.247

0.033

0.781

Ox1

0

0.025

0.22

Ox2

0

0.475

0.22

Oy1

0.29

0.29

0.265

Oy2

0.21

0.29

0.735

Oz1

0.28

0.040

0.030

Oz2

0.28

0.49

0.030

/ Atom

To obtain a clear visualization of the unit cell we used the information from Table
2 to model the unit cell of the monoclinic phase of WO 3. The modeling was carried out
using Diamond® 2.1 software.
Figure 1 shows the modeled unit cell of WO3 in the monoclinic structural phase.
In this figure the characteristic tilting of the WO6 octahedra and the displacement of the
W atoms from the centers of their corresponding octahedra can be readily seen.
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Fig. 1: Unit cell showing the atomic structure of the WO3
monoclinic phase.

Another relevant structural phase observed in WO3 is the orthorhombic.
According to Salje

[17]

, the orthorhombic phase of WO3 has the lattice parameters a =

7.341 Å, b = 7.570 Å, and c = 7.754 Å. The space group was found to be Pmnb, and the
atomic parameters, in fractions of the cell edges, are given in Table 3.
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Table 3: Atomic coordinates in fractions of the cell edges for the orthorhombic phase of WO3.

Atom

x

y

z

W1

0.25

0.029

0.031

W2

0.25

0.030

0.532

O1

0

0

0

O1'

0.5

0

0

O2

0

0

0.5

O2'

0.5

0.5

0

O3

0.25

0.269

0.027

O4

0.25

0.278

0.471

O5

0.25

0.004

0.262

O6

0.25

0.015

0.776

Thereafter, we also constructed a model of the unit cell of the orthorhombic
phase of WO3 using the data from Table 3 and the same computer software as before.
Figure 2 shows the unit cell of this structure. An increased ordering in the atomic
structure is noticeable in this phase as compared to the monoclinic phase structure,
without losing the tilting and shifting already referenced.
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Fig. 2: Unit cell showing the atomic structure of the WO3
orthorhombic phase.

As mentioned earlier, Pecquenard et al.

[15]

obtained the vibrations corresponding

to the monoclinic and orthorhombic phases of WO3; those are given in Table 4.
It can be observed that the wavenumbers associated with both phases of the
WO3 samples are very close to each other, with only some exceptions. Accordingly,
these very small shifts in the frequencies are really difficult to identify in the
experimental characterization of WO3 samples.
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Table 4: Vibration frequencies associated with the orthorhombic and monoclinic phases of WO 3
[15]

oWO3

mWO3

Assignment

33
45

44

61

60
71

77

83

91

94

143

143

179

182

ν (W2O2)n

203
242
253
271

273

δ(O – W – O)

303
326
374
636

638

713

716

807

806

ν (O – W – O)
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Chapter 2

2 Experimental Details

2.1 Sample Preparation

2.1.1

Overview of tungsten oxide growing techniques

There are several techniques for growing WO3 thin film samples; the most
common include chemical vapor deposition (CVD), chemical solution deposition such as
solgel, and physical vapor deposition (PVD) techniques such as laser ablation
deposition (LAD), arc evaporation and sputter deposition; each of them with several
types or variants. Since our samples were grown using RF magnetron sputtering, we
will focus on that technique.
The sputtering process consist of the bombardment of atoms, ions or molecules
onto a target; these transfer energy to the atoms in the target, eventually ejecting some
of them from the surface of the target. Then the sputtered atoms are collected on a
previously predefined substrate to form a thin film; this process is known as sputter
deposition.

This technique is very common and has a vast array of industrial

applications [18].
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The limitations of this process are the low deposition rates, low ionization
efficiencies in the plasma, and high substrate heating effects; nevertheless, those
limitations were addressed by the development of magnetron sputtering and
unbalanced magnetron sputtering [19].
According to Kelly and Arnell

[19]

, in a magnetron a magnetic field is configured

parallel to the target surface with the effect of constraining the secondary electrons'
motion near the target. For the magnets' arrangement, one pole is placed at the central
axis of the target and the second pole consists of a ring of magnets around the outer
edge of the target.

The result of this configuration is that the constraining of the

electrons increases the probability of collisions between ionizing electrons and atoms.
The increased ionization gives rise to dense plasma in the vicinity of the target,
thus the ion bombardment of the target is increased, yielding higher sputtering rates and
then higher deposition rates at the substrate. The increased ionization efficiency also
allows the discharge to be maintained at lower operating pressures and voltages.
They also mention the limitations of magnetron sputtering, stating that in the
conventional magnetron the plasma is predominantly confined to the target region. If
the substrate were placed inside this region, it would be subjected to concurrent ion
bombardment which can change the structure and properties of the grown film. On the
other hand, if the substrate is placed outside the region of dense plasma the ion current
drawn at the substrate will be insufficient to modify the structure of the film. If the
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energy of the bombarding ions is increased by increasing the negative bias applied to
the substrate, the result can be defects in the film and increased film stress.
The unbalanced magnetron was introduced to address those issues.

In this

mode the outer ring of magnets is strengthened relative to the central pole. Now the
magnetic field lines are oriented in such a way that not all of them are closed between
the central and outer poles, but some of them are directed towards the substrate; this
configuration allows some of the secondary electrons to follow those lines. In this way
the plasma won’t be restricted to the target region but will be able to reach the substrate
region, too, consequently increasing the ion currents directly from the plasma, thus it
wouldn’t be necessary to apply any external bias to the substrate [19].
There are also different types of excitation modes in a magnetron including DC
(direct current), RF (radio frequency) and low frequency. In the RF excitation mode the
plasma potential oscillates at the RF frequency about mean DC plasma potential. In this
mode it is difficult to achieve low ion bombardment because of the high ion flux and
plasma potential [20].

2.1.2

Current synthesis of tungsten oxide thin films

Several sets of samples were grown with different parameters and then analyzed
using different spectroscopic techniques to accomplish a comprehensive analysis of the
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tungsten oxide samples. All the samples were produced in a thin film form using the RF
magnetron sputtering technique.
The first set of samples (W1, W2, W3, W4, and W5) was grown using the
following procedure

[21]

: the thin films were deposited onto Si (100) substrates at room

temperature. The silicon substrates were cleaned using the RCA cleaning method and
dried with nitrogen then introduced into a vacuum chamber.

The chamber was

evacuated to a base pressure of 106 Torr with a cryopump. A tungsten (W) target
(Plasmaterials, Inc.) of 99.95% purity measuring 3” in diameter was placed on a 3”
sputter gun. The sputter gun was placed at a distance of 8 cm. from the Si substrate.
An initial sputtering power of 40 W was applied to the target; concurrently high purity
argon (Ar) was introduced into the vacuum chamber to ignite the plasma. When the
plasma was ignited the W target was presputtered for 10 minutes with a closed shutter
between the source and the substrate. After this, the power was increased to 100 W
and oxygen (O2) was introduced into the chamber to begin reactive deposition on the
substrates for one hour.
The flow and ratio of argon to oxygen was controlled via MKS mass flow meters.
Finally, the thin films already on the substrates were annealed for 2 hours at 400 °C.
In this first set, sample W1 was synthesized using a 1:1 Ar:O 2 ratio, W2 with a
1:4 ratio, and W3 with a 1:6 ratio. Samples W4 and W5 were not analyzed because
there were inconsistencies in their preparation procedures.
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The second set of samples (W6, W7, W8, and W9) was prepared using the same
procedure as above, but they were not annealed; instead, they were directly grown at a
substrate temperature of 400 oC. The substrate heating was done using halogen lamps
and the temperature was controlled by an Athena X25 controller. The Ar:O 2 ratios used
in this set were: for W6 a 1:1 ratio, for W7 a 1:4 ratio, for W8 a 1:6 ratio, and for W9 a
1:5 ratio.
The third set of samples (W13, W14, W15, W16, W17, and W19) were grown
with the same method but at different substrate temperatures with other parameters
constant. Sample W13 was grown at room temperature (RT), W14 at 100 oC, W15 at
200 oC, W16 at 300 oC, W17 at 400 oC, and W18 at 500 oC. The Ar:O2 ratio used for all
the samples in this set was 1:6.
Finally, the fourth set of samples (W20, W21, W22, and W24) was grown onto
sapphire substrates. The substrates were cleaned with isopropyl alcohol in a clean
environment. The rest of the procedure was the same as the one used with the third
set. Sample W20 was grown at room temperature, W21 at 100 oC, W22 at 200 oC, and
W23 at 400 oC.
As mentioned earlier, the characterization of the tungsten oxide thin films was
carried out using several spectroscopic techniques: 1) Fourier Transform Infrared
Absorption (FTIR), 2) Confocal Raman Scattering, and 3) XRay Photoelectron
Spectroscopy (XPS).
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2.2 Infrared Spectroscopy

2.2.1

Introduction to the technique

Infrared (IR) spectroscopy is the branch of spectroscopy that focuses on the
infrared range of the electromagnetic spectrum, that is, roughly between 10 and 14,000
cm1. This technique provides information about the composition and chemical bonds of
a material. Here we'll focus on FTIR absorption.
The infrared region of the electromagnetic spectrum is typically subdivided into 3
subregions (see Figure 3). The first and least energetic IR subregion is the farIR (far in
relation to the visible spectrum) which includes the range from 10 – 400 cm1; then the
midIR is in the range from 400 – 4,000 cm 1; and finally the nearIR is in the range from
4,000 – 14,000 cm1, which is the closest to the visible spectrum and the most energetic
region of the IR spectrum.
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Fig. 3: Electromagnetic spectrum showing different regions [22].

Infrared absorption is a spectroscopic technique that consists in irradiating a
sample of a particular material with a beam of infrared light to extract information about
the structure and chemical bonding of the material.
When the sample receives the IR radiation, part of the light is reflected and part
of it is transmitted. By calculating the ratio of the intensity of the transmitted light to the
original intensity of light, one can figure out which frequencies were absorbed by the
sample. The molecules in the sample are able to absorb only certain characteristic
frequencies that match their natural vibrational states.
In contrast to other spectroscopic techniques, Fourier transform infrared (FTIR)
absorption spectroscopy is a nondispersive technique.

This means that different

frequencies are not directly separated out spatially, but instead an interference pattern
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is generated that varies with the position of a moving mirror. Such a setup permits
frequency separation by means of a Fourier transform computation.
The set of data obtained with this process is termed an 'interferogram' (see
Figure 4); the computer uses the data of the interferogram to calculate the absorption
spectrum using a Fourier transform algorithm, and finally plots the results on a graph.

Fig. 4: Example of a background interferogram

A Fourier Transform Infrared Spectrometer (FTS) is based on the Michelson
interferometer; it uses a movable mirror, so it is an interferometer in principle.

It

consists of some basic parts: 1) a fixed mirror 2) a moving mirror, 3) an infrared light
source, 4) a beamsplitter, and 5) a detector.
In Figure 5 a schematic representation of the fundamental parts of an
interferometer (FTS) is shown.
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Fig. 5: Schematic representation of a Fourier Transform Spectrometer
based on the Michelson Interferometer [23]

To understand Fourier Transform spectroscopy, we also need to understand the
working principle of the interferometer, namely the Michelson principle. The beam of
light is sent to the beamsplitter, which is designed to reflect back half of the light to the
fixed mirror and transmit half of the light to the moving mirror. The light from the two
mirrors travels back to the beamsplitter and recombines.
The electronics of the system adjust the position of the moving mirror until the
two mirrors are at the same distance and give a maximum signal. By adjusting this
distance, an interference pattern is generated that is similar to that of a broadband
source, which in this case is the plot of the detector response vs. the optical path
difference.
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For a broadband source, the interferogram consists of the sum of all the cosine
waves that belong to each distinct wavelength present.
The signal forming the interferogram must be Fourier transformed in order to
obtain the spectral amplitude, which is what we want. This is automatically done by the
computer. An FT spectrometer consists of two distinct subsystems. One consists of
the optics that allows the interaction of IR radiation with the sample and its collection
into a detector. The other one is the computing system which outputs the desired
spectrum.
According to Bell

[24]

there are two main advantages of using a Fourier Transform

spectrometer over conventional spectrometers.
The first is known as the Fellgett or multiplex advantage. This advantage is
related to the fact that in an interferometer or FTS the information received in an entire
scan contains data about the entire spectral range, while in a conventional grating
spectrometer the information it receives reduces to a narrow band of the entire range at
a given time.
The second advantage is known as the Jacquinot or throughput advantage. It
reduces to the fact that in an interferometer a large amount of energy can be used at a
higher resolution, whereas in the conventional spectrometers the resolution depends
linearly on the width of the instrument's slit.
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2.2.2

Instrumentation

The FTIR sample measurements were carried out using a Bruker IFS 66v/S FT
IR spectrometer. An internal diagram of this system is presented in Figure 6. This
instrument also has a Raman addon stage which was not used in our experiments.

Fig. 6: Internal diagram of a Bruker IFS 66v/S vacuumbased Fourier Transform
spectrometer [25]
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The parameters used for the operation of the system during the measurements are
described in Table 5.

Table 5: Parameters of operation for the Bruker IFS 66v/S instrument

Parameter

Description

Spectral range

MidIR and FarIR

Source

Globar

Number of scans

256

Beamsplitter

–

KBr for the MidIR range

–

Ge coated Mylar for the FarIR

range
Detector

DTGS
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2.3

Raman Spectroscopy

2.3.1

Introduction to the technique

Raman spectroscopy is an inelastic scattering technique. The process consists
of sending a monochromatic light beam from a laser source onto some target material
(sample to be analyzed); the incident photons excite the electron cloud within the
molecules in the material, making them jump into a higher virtual quantum energy state
(see Figure 7). When the molecules are hit by the incident photons they scatter the light
in different ways; this is the scattered beam. These photons are called the scattered
photons and their energy can be higher, lower or equal to the energy of the incident
photons.

Fig. 7: Graphical representation of molecular electronic energy levels
and vibrational energy states [26]

28

The energies of the scattered photons are directly related to the vibrational
energy (phonons) states of the molecules in the material.

This gives valuable

information about the bonding and structure of the material.
If the energy of the scattered photon is equal to the energy/frequency of the
incident photon, this is elastic scattering and it's also called Rayleigh scattering. It
means that the molecules have relaxed to the same vibrational energy state they had
before being excited.
When the energy of the scattered photon is lower than the incident photon
energy, the molecules have relaxed to a higher vibrational energy state; a portion of the
energy from the incident photons was absorbed by the molecules. In this way, when
the scattered photon is detected it contributes to the peaks in the Raman spectrum
called the Stokes lines.
Finally, if the energy of the scattered photons is higher than that of the incident
photons, it means that the molecules have relaxed to a lower vibrational energy state. In
this case the molecules give some of their initial energy to the scattered photons; this
gives rise to the antiStokes lines.
Figure 8 details the Stokes and antiStokes processes in simple diagrams; here
ω and k are the frequency and wavevector of the incident photon, respectively; ω' and
k' are the frequency and wave vector of the scattered photon; and Ω and K are the
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frequency and wavevector of the associated phonon created or annihilated during the
scattering process.

Fig. 8: Raman scattering of a photon with emission or absorption
of a phonon [27].

The selection rules for the firstorder Raman effect are:
ω = ω' ± Ω ; and k = k' ± K

[27]

It can be observed from Figure 9 that the Stokes line signal is stronger than the
antiStokes line. This is because, at room temperature, the proportion of the scattered
photons with higher energy than the incident photons with respect to the scattered
photons with lower energy than the incident photons is extremely small. That is why in
Raman spectroscopy the measurements are generally done on the Stokes lines. The
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energy units are normally expressed in terms of wavenumbers (1/λ) [cm1] which are
related to the frequency as well as to the energy.

Fig. 9: Stokes, antiStokes and Rayleigh lines
diagram

The results of the measurements give the data needed to plot an intensity vs.
wavenumber graph. With the information provided by the graph it is possible to find
what chemical group corresponds to each vibration, giving valuable information about
the bonding and structure of the material.

2.3.2

Confocal Raman Microscopy

A particularly useful mode in Raman spectroscopy is confocal Raman
microscopy. This technique is valuable for providing a higher spatial resolution and
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allowing the observation and measurement of the undersurface layers of a material.
The results of such processing are called depth profiles. Thus, when the undersurface
layers of a material have different structural and mechanical properties than the surface,
confocal Raman microscopy allows the execution of 3D mappings of the sample.
A schematic representation of a confocal microscopy system is shown in Figure
10. Notice that this is not a Raman spectroscopic system, as it is intended to illustrate
the concept of confocal microscopy only, without the addition of a spectrometer system.

Fig. 10: Schematic representation of a confocal microscopy
system [28]
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The principle of confocal microscopy lies in the elimination of the outoffocus
scattered light. The light that scatters from the focal point is received by the objective
pinhole, allowing a very precise, localized, and high definition measurement.

2.3.3

Instrumentation

For the Raman scattering measurements the equipment used was a WITec
Alpha 300 R confocal Raman spectrometer (see Figures 11 and 12).

Fig. 11: A WITec Alpha 300 R confocal Raman
spectrometer [29].
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Fig. 12: Typical WITec confocal Raman setup [29].

The parameters of operation used for the measurement of all the samples in the
Alpha WITec 300 R instrument are detailed in Table 6.
Table 6: Parameters of operation for the Alpha WITec 300 R

Parameter

Description

Excitation source

Nd:YAG laser at 532 nm

Objective

100X

Total integration time

5 sec.

Accumulation

1

Filter

Edge
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2.4 Comparison of IR and Raman techniques

IR spectroscopy and Raman spectroscopy actually complement each other.
While one analyzes inelastic scattering of light from a sample (Raman effect), the other
studies light in either a transmission or reflection mode (IR).
A

remarkable

difference

between

Raman

spectroscopy

and

infrared

spectroscopy is that in order for a vibration to be Raman active it must continually
change the polarization of the molecules.

This is why the symmetrical stretching

vibration peaks are more intense in Raman spectroscopy. In a symmetrically stretching
vibrating molecule the polarization of the molecule is always changing with each
vibration cycle, because the distance between charges is always changing (see Figure
13).

Fig. 13: Representation of symmetrical stretching vibration in a molecule

On the other hand, in infrared absorption the asymmetrical stretching vibration
peaks will be more intense. This is because the condition for a vibration to be IR active
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is that its dipole moment must be changing. This is what happens in asymmetrical
stretching vibrations (see Figure 14).

Fig. 14: Representation of asymmetrical stretching vibration in a molecule

There are other technical differences between the two techniques. A common
one is that in Raman spectroscopy a monochromatic light source, with a wavelength
usually in the visible spectrum, is used, whereas in FTIR the light sources are
commonly broadband with wavelengths in different regions of the infrared spectrum. In
general, for a spectroscopic analysis to be complete it is very important to include both
techniques.
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2.5

XRay Photoelectron Spectroscopy (XPS)

2.5.1

Introduction to the technique

XRay Photoelectron Spectroscopy (XPS) is a surface analysis technique used
for elemental identification and chemical characterization by measuring the binding
energy of the core electrons in a material. XPS is also called electron spectroscopy for
chemical analysis or simply ESCA.
It is important to mention that XPS can achieve elemental identification of all the
elements, except for hydrogen and helium (Z = 1 and Z = 2 respectively).
The theoretical basis of XPS is the photoelectric effect discovered by Einstein in
1905. Xray photoelectron spectroscopy was developed by Siegbahn and his team and
the results published in 1967. The technique consists of irradiating a sample with a
monochromatic Xray light source. The energy of the incident photons can be found
from the relation

E photon =h 

The photons with specific energy hν (h being the Planck constant and ν the
frequency of the incident photons) hit the core level electrons in the surface atoms of
the sample. Those electrons absorb the energy from the incident photons, enabling
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them to reach the vacuum level and they are ejected from the surface of the material.
Figure 15 displays a schematic diagram of this process.

Fig. 15: Schematic diagram of the XPS principle,
based on the photoelectric effect [30]

The ejected electrons are called 'photoelectrons'. These photoelectrons come
exclusively from the surface of the material, from a maximum depth of about 100 Å.
Other electrons that are ejected from below that depth collide with other atoms on their
way to the surface; the electrons of this kind that make it out of the surface will have
lower kinetic energy because of the collisions; these electrons contribute to noise in the
signal.

The photoelectrons are collected and guided through a hemispherical or
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cylindrical electron energy analyzer. In this device they are deflected by controlled
electric fields until they reach the detector at the other end of the analyzer.
The energy analyzer measures the kinetic energy of the electrons and counts the
number of electrons at each kinetic energy in the range of interest.

Then the

information is sent to a computer system that stores and plots the data in a graph. This
measurement procedure is carried out under Ultra High Vacuum conditions (~ 109
Torr); this is important since we don't want the electrons to be colliding with other
particles during their trip to the detector.
With the kinetic energies of the photoelectrons determined by their corresponding
peaks in the graph of the XPS spectrum, the system measures their binding energies in
the following way:
By the conservation of energy law, the energy of the photon must be equal to the
energy required to eject the photoelectron from the atom, plus the resulting kinetic
energy of the photoelectron. This can be represented by the equation

E photon=E b sample  KE pe inst− sample 

where Ephoton is the energy of the incident photon, Eb is the binding energy of the
photoelectron or the energy needed to move the electron from its original state to the
Fermi level (EF), Φsample is the work function of the sample; this is the energy required for
the electron to jump from the Fermi level (E F) to the vacuum level (see Figure 15), Φinst
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is the work function of the instrument, and KE pe is the kinetic energy of the
photoelectron. The previous equation can be rearranged to a more known form

E b =h  photon −KE pe − inst

There are several options for the Xray source; for instance, some of the most
common ones are [31]:
– Aluminum Kα with photon energy of 1486.6 eV
– Magnesium Kα with photon energy of 1253.6 eV
– Titanium Kα with photon energy of 2040 eV
Often the peaks in the Eb vs. intensity graph appear in pairs or doublets; this is
because of the LS coupling phenomenon, for which
J=L±S
where L is the orbital angular momentum, S is the spin angular momentum, and J is the
total angular momentum of the electron.
The separation between the associated peaks is called spinorbit splitting. The
peak area ratios together with the spinorbit splitting remain nearly constant for an
element in different compounds. This information is helpful in the identification of the
elements present in the sample.
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2.5.2

Instrumentation

For the XPS measurements we used a PerkinElmer Phi 560 ESCA / SAM
system. Figure 16 shows a picture of the actual system.

Fig. 16: PerkinElmer Phi 560 ESCA / SAM system. UTEP
Physics Department

The Xray source used was a Mg Kα (energy = 1352.5 eV).
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Chapter 3

3 Experimental Results

3.1 Experimental background

There are many experimental results in the literature arising from the analysis of
tungsten oxide, which can be synthesized using a variety of methods, and characterized
using different techniques. Here we present a short overview of what kind of studies
have been performed on tungsten oxide.

This overview is not intended to be

exhaustive, and it is only a survey of the current literature in the field.
Boulova et al.

[32]

performed Raman spectroscopy of WO3 nanocrystallites

prepared by cryosol and pyrosol techniques. Pecquenard et al.

[15]

, analyzed WO3 in

powder form, synthesized via the dissolution of tungstic acid, H2WO4, in hydrogen
peroxide. They analyzed the samples using infrared absorption, Raman spectroscopy
and Xray diffraction. Paul and Lassegues

[33]

examined tungsten oxide films grown by

RF magnetron sputtering using infrared spectroscopy. Ayyappan Rangavittal

[34]

did a

thermal dehydration study of WO3∙2H2O in powder form using atomic absorption
spectroscopy, Xray diffraction and thermogravimetric analysis. Gullapalli et al.

[21]

used

XRay diffraction, and Scanning Electron Microscopy to characterize WO3 thin films
grown by RF magnetron sputtering. Ramana et al.
42

[13]

characterized WO3 thin films

grown by laser ablation using Xray diffraction, atomic force microscopy, energy
dispersive Xray spectroscopy, Raman spectroscopy, transmission electron microscopy,
and selected area electron diffraction. Pyper et al.

[35]

used Xray diffraction and high

resolution electron microscopy to study the nanocrystalline structure of WO 3 thin films
prepared by the solgel technique.

Kim

[36]

carried out thermal analyses of WO3

nanorods synthesized by the colloidbased synthetic approach using scanning electron
microscopy,

Xray

diffraction,

spectroscopy. Shen et al.

[10]

Xray

photoelectron

spectroscopy,

and

Raman

examined the relation of the effective surface area to the

gas sensing properties of WO3 thin films grown by reactive DC magnetron sputtering;
they used Xray diffraction, scanning electron microscopy, and measurements of
physical isotherms. Another study on the gas sensing properties of WO3 thin films was
carried out by Khatko et al.

[37]

. They analyzed the influence of different interruption

periods during the deposition process on the gas sensing properties of the material
using Xray diffraction and atomic force microscopy.

Chawla et al.

[11]

used Xray

diffraction and atomic force microscopy to study the effect of inert gas (sputtering gas)
on the structural and optical properties of WO3 thin films deposited by RF magnetron
sputtering. Stankova et al. [6] investigated the sensitivity and selectivity of microhotplate
gas sensors based on RF sputtered WO3 doped with different materials. Sberveglieri et
al.

[38]

contributed research with the characterization of WO3 thin films deposited by RF

sputtering, applying Xray diffraction and atomic force microscopy; this research was
aimed at evaluating the ability of WO3 to monitor NOx. Han et al.
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[39]

studied tungsten

oxide supported on titania, prepared by the incipient wetness impregnation method;
they used Raman spectroscopy for this study. WO 3 powders synthesized via the solgel
technique were analyzed by Kanan and Tripp
spectroscopy. Boulova et al.

[32]

[40]

using Fourier transform infrared

performed a study of microcrystalline tungsten oxide

powder under high pressure by means of Raman spectroscopy.

Djaoued et al

[41]

reported on results of Raman spectroscopy, transmission electron microscopy, and
scanning electron microscopy applied to nanocrystalline WO 3 films grown by a low
temperature solgel process.
As have the above authors, many others have been involved in important
investigations of the structure and properties of a large array of tungsten oxide samples,
yielding helpful information about the nature of this compound.
As mentioned earlier, the spectroscopic techniques we used for the study of the
WO3 thin film samples, which were grown by RF magnetron sputtering, were Fourier
transform infrared spectroscopy covering the far and midIR regions of the
electromagnetic spectrum, Raman spectroscopy along with confocal Raman mapping,
and Xray photoelectron spectroscopy.
It is important to remark that despite the abundant research performed on several
types of WO3 samples with different techniques, to the best of our knowledge, there is
very little research on WO3 using the confocal Raman mapping technique, and there is
no literature regarding the analysis of tungsten oxide thin films using infrared
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spectroscopy with focus on the farIR region with temperatures in the RT – 500 °C
range. Salje

[42]

examined lattice dynamics in the IR region, including the farIR region,

but this study was carried out in a much lower temperature range of 180 – 290 °C.
Those facts make this spectroscopic analysis a valuable addition to the current
literature in related areas.

3.2 FTIR Absorption

The first Fourier transform infrared absorption measurements (in a transmission
mode) for the first set of samples (W1, W2, and W3) are shown in Figure 17.
The graph to the left shows the spectra in the farIR region. There we found
absorption peaks at 165, 203, 227, 253, 276, 321, 372 and 388 cm1.
In the midIR region, which is the graph to the right we can observe the following
absorption peaks, two more intense at 734 and 806 cm1, and one less intense at 1112
cm1.
It is noticeable that the three samples have very similar spectra in both the far
and midIR regions; only W1 having slightly more intense absorption peaks.
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Fig. 17: Infrared transmission graphs for WO3 thin films grown on Si substrates and
annealed at 400 °C

Based on this information we can make the assumption that the Ar:O 2 ratio has a
small effect on the crystallization process of the samples.
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Figure 18 displays the IR absorption results for samples W6, W7, W8 and W9
(second set of samples), which were all grown at a substrate temperature of 400 °C on
Si (100) substrates.

Fig. 18: Infrared transmission graphs for WO3 thin films grown on Si substrates at 400 °C

Again, the left hand side graph shows the farIR peaks, one sharp and intense at
264 cm1, and another broad at 341 cm1.
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The right hand side graph (midIR region) shows one broad absorption peak at
728 cm1, another less intense and broad peak at 816 cm1, and a last peak at 1112 cm
1

, which is the same as the one obtained in the first set of samples.
Figure 19 depicts the IR Absorption spectra for samples W13, W14, W15, W16,

W17 and W18 (third set of samples), which were grown at room temperature, 100 °C,
200 °C, 300 °C, 400 °C and 500 °C respectively. The samples are shown from top to
bottom, top being the room temperature sample and bottom being the sample grown at
500 °C.

48

Fig. 19: Infrared transmission graphs for WO3 thin films grown on Si substrates at
different temperatures

We can identify absorption lines in the midIR region at 731 and 815 cm 1 which
belong to W – O stretching vibrations

[42][43]

.

As can be seen from this figure, the

intensity of the peaks increases as temperature increases, indicating that the extent of
crystallization in the material increases with temperature.
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Peaks shown in Figure 19(b) at 515 and 567 cm1 represent the symmetric Si – O
– Si vibrations, and the one at 1110 cm 1 in Figure 19(c) is ascribed to the asymmetric
Si – O – Si vibration. The presence of oxygen in the silicon substrate is related to the
rapid oxidation of the Si forming a thin SiO2 layer.
In the farIR region more absorption activity is observed. The absorption spectra
of the WO3 samples grown at room temperature, 100 °C, and 200 °C show only a
broad absorption peak around 317 cm1 and very weak peaks at 224 and 255 cm1.
Meanwhile, the spectrum for the WO3 sample at 300 °C shows another broad peak
around 260 cm1.
The interesting absorption peaks are found in the spectra of the WO3 samples
grown at 400 and 500 °C; there we can detect peaks at 184, 211, 250, 268, 323, 343,
and 369 cm1. Those peaks differ significantly from the ones found in the first set of
samples, in which the thin films were grown at room temperature and annealed at 400
°C. This suggests that there's a strong influence of the annealing process on the
structure of the material as compared with growing the samples at a predefined
substrate temperature.
In Table 7 we show a comparison of the vibrations displayed by sample W3 (Si
substrate at room temperature and annealed at 400 °C, with Ar:O 2 ratio of 1:6) vs.
samples W8 and W17 (Si substrate at 400 °C, with Ar:O2 ratio of 1:6)
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Table 7: Comparison of the IR vibrations (in cm1) shown by samples W3, W8 and W17

W3

W8

W17

Assignment

165
184
203
211
227
253

254

250

264

268

276
321

323
341

375

343
369

388
Not shown Not shown

515

Si – O symmetric

Not shown Not shown

564

Si – O symmetric

731

W – O stretching

734

736

806

1112

W – O stretching
816

815

W – O stretching

1111

1110

Si – O – Si asymmetric
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While in the midIR region all the samples show very similar vibrations,
suggesting the presence of a monoclinic phase in the three specimens, the differences
observed in the farIR region suggest that small variation in the growth process can alter
slightly the morphology of the samples.
Due to the lack of literature background in this region (farIR) of the infrared
spectrum for WO3 samples at 400 °C, it would be rather ventured to try to ascribe those
frequencies to some sort of phase transformation in the material.
To gain further insight about what was happening in the WO3 thin film samples,
we performed Raman spectroscopy analysis, as detailed in the next section.

3.3 Raman Scattering

Our Raman scattering results were very useful for the characterization of the
WO3 thin film samples, this information will be presented next.
As discussed in the previous section, we ascertained that there was something
different in the samples that were grown at room temperature and annealed at 400 °C
as compared with the samples grown directly at a substrate temperature of 400 °C; and
we attributed this difference to the annealing process.
With the execution of Raman scattering and confocal Raman mapping
techniques, we could determine that, in effect, those samples, grown with the same
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parameters with the exception of the annealing/heating process, had different structural
properties.
In Figure 20 we show the results for the WO3 samples grown on Si substrates at
room temperature and annealed at 400 °C (first set of samples).

Fig. 20: Raman intensity plots for WO3 thin films grown on Si substrates at room
temperature and annealed at 400 °C
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In this figure, several vibrations can be identified, the peaks are found at 240,
275, 303, 332, 430, 620, 675, 720 and 809 cm1.
Ignoring the Sirelated vibrations at 303, 430, 620, and 675 cm 1, we remain with
the peaks at 240 ± 2 cm1, 275, 332, 720, and 809 cm1to be analyzed.
Table 8 displays the comparison of vibration peaks shown in Figure 20 and the
vibrations reported by Pecquenard et al.

[15]

. This comparison suggests a monoclinic

structure for our samples.
Table 8: Comparison of vibration peaks (in cm1) for samples in the first set and the ones
reported in reference [15].

W1

W2

W3

oWO3

mWO3

203
239

240
242

242
253
271

275

275

275

273
303

332

332

332

326
374
636

638

720

720

720

713

716

809

809

809

807

806
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The weak features around 240 ± 2 cm1, 332 cm1, along with a visible peak at
275 cm1 prove the existence of a monoclinic structure.
In the next figure (Fig. 21), the spectra for the second set of WO 3 samples which
were grown on Si substrates at 400 °C at different Ar:O2 ratios are shown.

Fig. 21: Raman intensity plots for WO3 thin films grown on Si substrates at 400 °C
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These plots show Raman intensity peaks at 265, 276, 303, 432, 621, 668 and
812 cm1. All the four samples in this set display the same peaks with small shifts from
one sample to the other.
In Table 9 we show the comparison between the vibrations of the samples in this
set and the ones reported by Pequenard et al. [15].
Table 9: Comparison of vibration peaks (in cm1) for samples in the second set and the ones
reported in reference [15].

W6

W7

W8

W9

oWO3

mWO3

203
242
253
265
276

265
276

271

273

303
326
374

701
712

638

713

716

807

806

701

712

812

636

812

812

818
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It appears that the monoclinic phase is present in the four samples, as revealed
by the vibrations around 276, 712, and 812 cm1, although sample W7 displays more
crystallinity than the others.
It is important to remark that the vibrations around 712 cm 1 for samples W6 and
W7, and around 701 cm1 for samples W8 and W9 are very weak and broad, therefore
are not well defined and should not be considered when differentiating a structural
phase from another, i.e., they don't suggest an orthorhombic phase.
While we do not identify an orthorhombic transition in either set of samples, the
samples grown directly at a substrate temperature of 400 °C, and not by annealing
exhibit more crystallinity.
The next step was analyzing samples grown at different temperatures to
elucidate if there were any temperature dependent structural changes.
Figure 22 presents the Raman spectra of the third set of WO 3 samples. As
mentioned earlier, these samples were grown on Si substrates at different temperatures
(W13, W14, W15, W16, W17, and W18) as referenced in the figure, and using a
constant Ar:O2 ratio of 1:6. In this figure we included the spectrum of pure silicon for
comparison purposes.
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Fig. 22: Raman intensity graphs for silicon and WO3 thin films grown on Si
substrates at different temperatures

The spectrum of the pure silicon sample (bottom) shows the Si – O vibration
peaks at 303, 435, 622, 675 cm 1. In the spectrum of the room temperature WO3
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sample there are only two weak broad peaks around 675 and 810 cm1 suggesting the
amorphous nature of the material.
The spectra of the WO3 samples at 100 and 200 °C display the same vibrations
at 675 and 810 cm1 but with greater intensity as the temperature increases, revealing
that a crystallization process is developing.
The spectrum of the WO3 sample at 300 °C shows a new weak shoulder at 271
cm1 and increased intensities in the other peaks, confirming the crystallization process.
The WO3 samples at 400 and 500 °C display new intensity peaks in their
spectra. We can identify two new peaks at 203 and 711 cm1.
In the analysis of the vibration frequencies of the WO3 samples we identified the
peaks at 274, 326, 711 and 806 cm1 as belonging to the monoclinic phase

[45]

. The

peak at 203 cm1 that we see beginning to form in the WO3 samples at 400 and 500 °C
spectra suggests a phase transition from the monoclinic to the orthorhombic phase is
developing

[15]

. Nonetheless, this assumption is controversial, since no other vibrations

ascribed to the orthorhombic phase are present in the samples at these high
temperatures. In addition to this, vibrations around 203 cm 1 have been observed in the
Raman spectra of WO3 samples under high pressure conditions [32][46].
We can clearly observe the vibration at 303 cm1 in the spectra of all the samples
in this set which is characteristic of the orthorhombic structure

[15]

, but in this case we

already identified this vibration as associated with the presence of the Si substrate.
59

The presence of the peaks at 203 and 303 cm1 together in a pure WO3 sample
would be a clear indication of the transformation from the monoclinic to the
orthorhombic phase.
To discern whether there were underlying Raman intensity peaks belonging to
the tungsten oxide samples hidden by the silicon vibrations, we analyzed samples of
WO3 grown on sapphire substrates. Using this variation we were able to isolate and
identify the peaks that absolutely correspond to the WO3 samples.
Figure 23 shows the results for these samples grown on sapphire substrates at
room temperature, 100 °C, 200 °C and, 400 °C.
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Fig. 23: Raman intensity graphs for WO3 samples grown on sapphire
substrates at different temperatures

We can detect a small intensity peak around 420 cm1 which is related to the
presence of sapphire at the substrate.
The spectra of the WO3 samples shown in the figure indicate that the vibrations
at 203, 274, 326, 711 and 806 cm1 are definitely attributable to WO3 thin films. While
most of these Raman lines were previously observed in our analysis of the other two
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sets of samples, such as those at 274, 711 and 806 cm1, the existence of the 326 cm1
vibration suggests still a monoclinic structure.
Thus, these results support the assumption that the vibration registered at 203
cm1 is related to the presence of strain at the interface between the Si layer and the
WO3 thin film. This assumption is also reinforced by the variations in the spectra of the
first and third sets of samples in the FTIR analysis.

3.3.1

Confocal Raman Mapping

In order to carry out a qualitative identification in the samples of the indications of
a strained WO3 structure in the higher temperature samples, i.e., the ones grown at 400
°C and 500 °C, we executed confocal Raman mapping on the surfaces of those
samples.
In Figure 24 we show the confocal Raman mapping images for the WO3 samples
grown on Si substrates at 400 °C and at 500 °C. Different magnifications were used
and are indicated in the lower left corner in each image.
Images (a) and (b) correspond to the WO3 sample grown at 400 °C, while
images (c) and (d) display the WO3 sample grown at 500 °C.

The darker areas

represent the monoclinic structure, whereas the lighter areas represent the strained
phase.
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Interestingly enough, we found that the strained phase is dominant over the
monoclinic phase, especially in the sample grown at 500 °C. This phenomenon could
also be attributable to the very low thicknesses of the WO3 film, since a large proportion
of the sample is located at the interface between the Si layer and the WO3 film.

Fig. 24: Confocal Raman mapping images of WO3 samples grown
on Si substrates at 400 °C (a and b) and at 500 °C (c and d)
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3.4 XPS

The XPS analysis of the WO3 thin film samples was performed with the objective
of characterizing their surfaces, checking for elements in the material and verifying their
stoichiometry. It is known that some of the properties of WO 3 depend on the surface
defects in the material.
Figure 25 shows the XPS wide survey scans for all the WO3 thin film samples
grown on Si substrates at different temperatures as referenced in the figure.
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Fig. 25: XPS wide survey scans of WO3 thin films grown on Si substrates at different
temperatures

These scans reveal that the primary elemental components in our samples are
tungsten (W) and oxygen (O) atoms.
The peaks in the 30 – 40 eV region are ascribed to the W 4f electrons. The
peaks observed around 240 – 265 eV belong to the W 4d electrons. The intense peak
found in the 525 – 535 eV sector identifies the O 1s electrons.
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It can be observed that all the scans display a peak at 284.6 eV which belongs to
carbon. This peak was used for the calibration process. The presence of C in the
samples is attributed to surface adsorption of these atoms from the environment.
Aside from carbon and some oxygen we found no other elemental impurity in the
analyzed samples.
The next step was the execution of narrowscan or multiplex XPS
measurements. We carried out multiplex measurements for the W 4f, W 4d, and O 1s
regions.
A significant energy shift around 3 eV is expected for the binding energy of W
4f7/2 because of the reduction of W6+ to W4+. Meanwhile, a much lower energy shift of
0.2 eV is anticipated for the binding energy of O 1s.
It is known from literature

[44][36]

that WO3 tends to form substoichiometric shear

phases. These phases evolve from the adjustment of the anion to cation ratio, that is
why they do not have a significant effect in the coordination octahedra formed by a W
atom surrounded by six O atoms.
Figure 26 displays the results for the narrowscan on the W 4f level of all the
WO3 thin film samples in this set. The growing temperature of each sample is indicated
in the figure.
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Fig. 26: XPS spectra of WO3 thin films grown on Si substrates at different temperatures
showing W 4f peaks

The figure shows the doublet peaks that correspond to W 4f 7/2 electrons with a
binding energy of 35.8 eV at room temperature, and W 4f5/2 electrons with a binding
energy of 37.9 eV at room temperature; this is in agreement with the reported spinorbit
splitting energy of 2.1 eV for the W 4f7/2 and W 4f5/2 doublet peaks [36]. This indicates that
the thin film surface is near the chemical stoichiometry of WO3.
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However, we can see a very small shift of about 0.5 eV towards lower energies
with increasing temperature. This can be attributable to a minor partial change in the
oxidation state of tungsten, from W6+ to W5+. This change in the tungsten oxidation state
with increasing temperature was previously observed by Kim [36].

Fig. 27: XPS spectra of WO3 thin films grown on Si substrates at different temperatures
showing W 4d peaks
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In Figure 28 the XPS narrowscans for the O 1s electrons at different
temperatures are displayed.

Fig. 28: XPS spectra of WO3 thin films grown on Si substrates at different temperatures
showing O 1s peaks
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In this figure the O 1s peak at 530.4 eV is evident, which is characteristic of a
metal oxide form. We can also observe a weak shoulder at 532.4 eV; this peak can be
the result of surface oxygen contamination.
The calculation of the peak areas of O 1s and W 4f core levels was carried out
with the sensitivity factors according to Table 10.

Table 10: Sensitivity factors used in the measurement of peak areas [47]

Electron level

Sensitivity factor

O 1s

0.63

W 4f

2.0

The measurements returned an overstoichiometric ratio of oxygen to tungsten
atomic concentrations of 3.2 ± 0.1 at room temperature. This ratio was observed to
decrease slightly with increasing temperature; this can be attributable to a continuing
crystallization process, which is in agreement with the results in the Raman and infrared
absorption spectroscopy sections.
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Chapter 4

4 Conclusions and Future Work

Using diverse spectroscopic techniques, for instance, Fourier transform infrared
absorption spectroscopy (FTIR), Raman spectroscopy (RS), confocal Raman mapping,
and Xray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical
analysis (ESCA), we analyzed several sets of tungsten oxide (WO3) thin films samples
grown with different parameters with the objective of achieving a wide array of results in
the characterization of those samples.
The results from these analyses will be used in the future to select the best
growing parameters to elaborate the most appropriate WO 3 thin films that will be the
basis for H2S sensors. These sensors are going to be used in coal gasification facilities,
where the response and recovery times, the sensitivity, selectivity, and stability of the
sensors are of fundamental importance.
We acknowledge that those attributes can be controlled, or at least,
predetermined by the properties of the WO3 thin films, which in turn are highly
dependent on the structure of the material.
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We found that the preparation method and parameters have a great influence on
the structural properties, and by extension, on the electrical and optical properties of the
tungsten oxide thin film samples.
The Fourier transform infrared spectroscopy data, especially in the farIR region,
suggest a better crystallization process for WO3 thin film samples grown at room
temperature and annealed at 400 °C (first set) as compared with the samples grown
directly at a 400 °C substrate temperature.
Thus, the annealing process has a great influence in the structural properties of
the material.
When analyzing the temperature dependent set of samples (third set) we arrived
at the conclusion that the WO3 thin films grown at 400 and 500 °C showed evidence of
stress, attributable to a strained structure, possibly because of the very small thickness
of the films of about 80 nm.
For instance, the samples grown at room temperature were mainly amorphous;
the samples grown at a substrate temperature between 100 °C and 300 °C showed a
monoclinic structure; and the samples grown at 400 °C and 500 °C revealed a
monoclinic structure with intrinsic strain due to the very low thickness of the films. No
orthorhombic phase was observed in these samples.
We performed confocal Raman mappings of the samples W17 and W19 in the
third set to elucidate the proportion of the strained to monoclinic phases. Surprisingly
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we found that the strained phase was dominant over the monoclinic one. This could
also be attributable to the very small thickness of the films.
Our XPS results returned information about the stoichiometry and chemical
composition of the samples. We found that the samples were composed primarily of
tungsten (W) and oxygen (O) atoms, with some environmental contamination of carbon
(C) and oxygen (O). The surface of the thin films were near the chemical stoichiometry
of WO3.

A partial change in the oxidation state of tungsten from W6+ to W5+ was

observed as temperature increased. With the calculation of the peak areas of the O 1s
and W 4f core levels, we evidenced an overstoichiometric ratio of oxygen to tungsten
of 3.2 ± 0.1 at room temperature, and this ratio tends to decrease as temperature
increases, showing signs of a continuing crystallization with higher temperatures.
For future research, the next step will be to execute computer simulations for
both the monoclinic and orthorhombic structures using specialized computer software.
With that information at hand it will be possible to compare the experimental vs. the
theoretical results; possibly validating our assumptions or giving us more research work
to carry out if the assumptions do not agree with the theoretical data.
Additionally, further analyses of the hightemperature samples are going to be
performed using electron diffraction techniques and highresolution transmission
electron microscopy (HRTEM). These studies will either substantiate the premise of the
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existence of a strained monoclinic phase in the hightemperature samples, or they can
provide us with additional information regarding a different structure in these samples.
Moreover, it has been planned to analyze WO3 thin film samples doped with
titanium (Ti), and perform a new spectroscopic study of this material. Tidoped WO 3
thin films are known to have an interesting effect in the resistivity of the material, as it
stops behaving as an ntype semiconductor and acts in the opposite way [6].
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